Phytoplasmas are wall-less bacteria with a parasitic lifestyle responsible for numerous plant diseases worldwide. Since the introduction of next generation sequencing technologies, genome wide studies of these pathogens are flourishing and a handful of phytoplasma genomes are available in public databases. In South America, phytoplasmas from the 16SrIII group (X-disease) are the most widely distributed, but only one draft genome from a 16SrIII-J phytoplasma-infected periwinkle plant has been generated (phytoplasma Vc33). Here, in grafting experiments, we characterized the phenotypic signatures of an Argentinian daisy-derived isolate of a 16SrIII-J phytoplasma (Bellis virescence phytoplasma) infecting periwinkle. Moreover, we applied a pipeline for genome-wide annotation of the Vc33 genome and identified the effector protein SAP54. We then employed the obtained data to amplify, clone, sequence and characterize a SAP54 orthologue protein from the Bellis virescence phytoplasma. Structural analyses suggest that the identified SAP54 effector is highly conserved. The results gathered here could provide the basis for reverse genetics experiments using 16SrIII-J SAP54 proteins to assess their eventual role in pathogenesis.
Phytoplasmas are wall-less bacteria with a parasitic life style responsible for numerous plant diseases worldwide (Lee et al. 2000; Hogenhout et al. 2008 ). More than 1000 plant species have been reported to be affected by these pathogens, including crops, ornamentals and trees (Bertaccini et al. 2014) . Despite numerous efforts, it has been challenging to obtain stable in vitro phytoplasma cultures (Zhao et al. 2015) , which has limited the study of these pathogens. Hence, basic forward or reverse genetics strategies to characterize their gene repertoire have not been possible. In this context, most studies dealing with phytoplasmas have relied on genomic annotation approaches to infer and understand basic aspects of their pathogenicity. These studies have shown that phytoplasma genomes contain a substantial number of genes in multiple copies (Davis et al. 2003; Oshima et al. 2004; Bai et al. 2006; Jomantiene and Davis 2006) . Most of these genes are organized in clusters dubbed potential mobile units (PMUs) (Bai et al. 2006) or sequence-variable mosaics (SVMs) (Oshima et al. 2004; Jomantiene et al. 2007 ). In these regions, genes have been identified that code for membrane-bound proteins and most of the effector proteins, both associated with virulence factors (Toruño et al. 2010; Hogenhout & Bos, 2011) . Recently, it was shown that a family of highly conserved phytoplasma virulence factors, designated as a phyllody-inducing gene family (phyllogen or SAP54 homologues), induce phyllody and other floral malformations in Arabidopsis thaliana (MacLean et al. 2011; Maejima et al. 2014; Yang et al. 2015) by degradation of MADS domain proteins via the ubiquitin-proteasome pathway (MacLean et al. 2011 , Maejima et al. 2015 . In addition, a recent report has shown that phyllogen can induce phyllody in several species of angiosperms (Kitazawa et al. 2017) , so these proteins have been proposed to play a central role in the virulence of phytoplasmas.
In South America, phytoplasmas from the 16SrIII group (X-disease) are the most widely distributed and have a broad host range. Within this group, phytoplasmas belonging to (Gajardo et al. 2009; Montano et al. 2011; Fernández et al. 2017; Fugita et al. 2017) . Despite the growing importance of this particular subgroup of phytoplasmas, only one draft genome has been generated from a 16SrIII-J phytoplasma-infected periwinkle plant from Chile (Zamorano and Fiore 2016) . Moreover, there are no reports describing effector proteins in phytoplasmas from subgroup 16SrIII-J present in Argentina. In the present work, we used the available genomic information to detect and characterize the SAP54 protein sequence in a phytoplasma isolate of subgroup 16SrIII-J from Argentina.
In this work we used Bellis virescence (BellVir) phytoplasma as a representative of subgroup 16SrIII-J. BellVir was described in association to virescence and phyllody symptoms on daisy (Bellis perennis) (Galdeano et al. 2013 ). This phytoplasma was maintained and propagated in periwinkle (Catharanthus roseus) from daisy-infected plants by grafting. To evaluate the symptoms induced by BellVir infection, 10 periwinkle plants agamically obtained by rooting cuttings (five with white flowers, five with pink flowers; all 2-3 months old) were grafted with this phytoplasma. Evolution of symptoms was evaluated by visual inspection, focusing on phyllody and virescence symptoms. Phytoplasma detection was done by PCR using the X-disease group (16SrIII)-specific primer pair P1/Xint (Smart et al. 1996) , which amplify ã 1.6 kb fragment of the 16S rRNA operon. DNA used as template was isolated from petioles and midribs of grafted periwinkle (symptomatic, 3-5 months after grafting) and healthy periwinkle (as a negative control). Leaf material was ground in liquid nitrogen and the DNA was purified according to Doyle and Doyle (1990) .
The sequence of the draft genome for the subgroup 16SrIII-J phytoplasma from Chile (Zamorano and Fiore 2016) was retrieved from Genbank (accession number LLKK00000000.1) and CDSs were annotated using the Rapid Annotation using Subsystem Technology (RAST) server (rast.nmpdr.org). A pipeline for identification of putative SAP homologues was conducted based on previous studies (Bai et al. 2009; Anabestani et al. 2017) , as follows. Among the total predicted proteins, those with presence of a signal peptide (predicted using SignalP 4.1 as implemented in www.cbs.dtu.dk/ services/SignalP/ using the sensitive D-cutoff values) and without transmembrane domains outside the signal peptide (predicted with the TMHMM Server v. 2.0 available at http://www.cbs. dtu.dk/services/TMHMM/) were identified. Proteins that passed this filter, thus considered as putative secreted proteins (PSP), were analyzed to identify sequence-variable mosaic (SVM) protein signals (Pfam id: 12113) using the Conserved Domains Database search tool (www.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi, expect value = 0.01). This region is presumed to be a signal peptide found in SVM proteins in phytoplasmas (Jomantiene and Davis 2006) . Also, a BLASTp search targeting proteins with SVM signals (consensus sequence MFKLKNQLLIINIFLFIFLGLFLITNNNQVMAM, E-value≤1e-05) against a local dataset (encompassing all the CDSs annotated by RAST) was performed in Geneious R.10 (Biomatters). The final set of proteins [signal peptide (+); transmembrane domains outside SP (−); SVM signal (+)] were analyzed by reciprocal BLASTp searches (E-value≤1e-05) against aster yellows witches'-broom (AYWB) phytoplasma proteins (taxid:322098) for identification of SAPs homologs (Bai et al. 2009 ). Using the RAST platform, a total of 634 CDSs and 30 RNA sequences were identified in the 16SrIII-J phytoplasma draft genome (Supplementary Table S1 ). Within these 634 CDSs, 37 were described as PSP and seven of them presented an SVM signal (Supplementary Table S2 ). Identification of putative SAP homologue proteins was acceded by BLASTp analysis of these seven putative effector proteins against the AYWB phytoplasma reference genome (NC_ 007716.1) (Bai et al. 2009 ). Our pipeline succeeded in the high confidence identification of seven putative SAP homologues (SAP67, SAP05, SAP19, SAP06, SAP41, SAP49 and SAP54) in the 16SrIII-J genome (Table 1 ). The putative Putative SAP54 is marked in bold. Id, percent amino acid sequence identity. %, coverage * BLASTp analysis was conducted in Geneious R.10 software against the genome of AYWB (NC_00771 6.1) in a local database SAP54 (AYWB_224) (protein ID: fig|33,926.32.peg.561) homologue is 114 amino acids (aa) in length (13.4 kDa) and showed 56% aa identity (E-value: 3e-24, coverage 85%) with the SAP54 reference sequence (ABC65341.1) ( Table 1) . Once the sequence of the putative SAP54 protein in the 16SrIII-J reference genome was predicted, primers were designed for PCR amplification to confirm the in silico findings. A new set of primers (SAP54Fw1: 5'-ACC TCA ACT GAG GAA TA-3′ and SAP54Rv1: 5′-GGG CGT AGA TGG TTT TAT GGG AT-3′) was designed in order to amplify a fragment of~615 bp containing the putative SAP54 gene (Fig. 2a) . Thermal cycler conditions of PCR reactions were 94°C 3 min for initial denaturation, 35 cycles of 94°C for 1 min, 51°C for 2 min and 72°C for 1 min, and final extension at 72°C for 10 min. After 3 months post-grafting, plants began to show symptoms of virescence. In both white flowers and pink flowers, this symptom was characterized by the presence of flowers with green spots (Fig. 1b, e) . After the appearance of this symptom the plants began to develop the characteristic phyllody symptom (Fig. 1c, f) . In healthy control plants there were no alterations in the morphology of the flowers (1a,d). All grafted plants (10 out of 10) presented the described symptomatology, and the presence of phytoplasmas was verified in all the plants by PCR amplification of a 16S rRNA fragment (primers P1/Xint). No amplification was observed in healthy control plants. Using primers SAP54Fw1/SAP54Rv1, products of~615 bp were visualized in gel electrophoresis following PCR amplifications with DNA from all periwinkle plants (10/10) infected with BellVir phytoplasma, and no PCR products were evident in DNA obtained from uninfected periwinkle plants. Amplifications products from two infected plants were bi-directionally Sanger sequenced and showed 100% identity. A final consensus sequence was deposited in Genbank (accession number MH756633). The assembled sequence (615 bp) contains a single ORF (+1frame, position 41-394) of 354 nt which encodes a protein of 117 aa. The sequenced BellVir protein shares 83.3% aa identity with the 114 aa SAP54 protein predicted in the draft genome of periwinkle- (Zamorano and Fiore 2016) , and 53.7% and 43.6% with SAP54 homologues from Xdisease related phytoplasmas MA1p (16SrIII-B) and JR1p (16SrIII-H), respectively. This protein presented a signal peptide (SP, position 32-33) and no transmembrane domain after the SP. The SVM signal (pfam12113) was also confirmed (E-value = 5.89e-06) from position 1 to 33 (MFRSKNQFKIIHLCLIAFIGLLFIFNNHQLMAM). A comparison with the SAP54 reference sequence (AYWB) showed 51% aa identity and a conservation of the typical SAP54 structure (Fig. 2a, b) . A multiple alignment using SAP54 homologues available from GenBank showed a consistent deletion of six aa (position 47-52) in BellVir, Vc33 phytoplasma (both from subgroup 16SrIII-J) and also in 'Ca. Phytoplasma solani' (subgroup 16SrXII-B). In addition, these three SAP54 homologues presented a 3 aa insertion at the C-region with a conserved NN(I/L) motif and NAS motif in the LWB isolate (Fig. 2b) . The Cterminal end (residues 106 to 129) was the most conserved throughout all the compared sequences. Interestingly, this region is associated with coiled-coil structural motifs (Fig.  2a, b) . Moreover, the annotation obtained in the present Fig. 2 Analyses of SAP54 protein sequence of Bellis virescens (BelVir) phytoplasma. a Genomic context of SAP54 CDS in the LLKK01000018 contig; primer binding sites are marked in green. b Comparison of SAP54 structure between BellVir phytoplasma (MH756633) and AYWB phytoplasma (ABC65341); probabilities of coiled-coil regions (MTK matrices) are presented under sequence structure (windows 14-21-28: green, blue and red respectively). c Multiple alignment of SAP54 homologue proteins; identical residues are marked in colors, SVM as a dashed line work allowed to design and generate specific primers for amplification and sequencing of imp (AYP64674) and idpA (AYP64675) inmunodominant membrane proteins (data not shown).
Grafting tests on periwinkle plants demonstrated that infection by BellVir (16SrIII-J) phytoplasma causes severe symptoms of virescence and phyllody. Previous studies suggest that such symptomatology could be triggered by a phyllody-inducing gene family (phyllogen, SAP54 effector protein) (MacLean et al. 2011; Maejima et al. 2014; Yang et al. 2015) . Among the diversity of phytoplasmas composing the 16SrIII-J clade, some strains have also been reported to induce virescence and phyllody symptoms in sunflower (Guzmán et al. 2014) , squash (Galdeano et al. 2013 ) and periwinkle (Pérez-López et al. 2016) . Interestingly, Saccardo et al. (2012) demonstrated the presence of SAP54 homologues in the draft genomes from Italian clover phyllody (MA1p, 16SrIII-B) and Poinsettia branch-inducing (JR1p, 16SrIII-H) phytoplasmas. These two strains induce more pronounced symptoms of virescence and phyllody than the other strains described in this work in which no SAP54 was identified. These outcomes could be explained by the presence of SAP54 homologue proteins or alternative pathways. However, there are no experimental data testing this hypothesis.
An exhaustive exploration of the Zamorano and Fiore (2016) dataset allowed us to identify with high confidence a putative SAP54 homologue (AYWB_224). We then employed these data to amplify, clone, sequence and characterize a SAP54 orthologous protein from BellVir phytoplasma. The sequenced BellVir SAP54 protein (MH756633) conserved the typical structure of SAP54 (phyllogen). Comparative analyses between SAP54 homologues showed that the C-terminal end is the most highly conserved region throughout all the assessed sequences. This region is associated with coiled-coil structural motifs, which could provide new clues about the mechanisms of action of this effector. The information generated here is relevant for further investigations of the eventual mechanisms of pathogenicity associated with this effector and thereby contribute to the overall knowledge of the pathosystem.
